In the realistic EuS/PbS/EuS quantum well system with strong material parameter contrasts in heteroboundaries (MPCH) a collective plasmon-phonon excitation spectrum for a weakly polar quasi-two-dimensional electron gas interacting with the longitudinal optical phonons is investigated. The calculations are carried out within the framework of the random-phase approximation by use of exactly calculated dielectric function of an electron gas. The analytical and numerical deviations from the results when MPCH is absent are established. The mode coupling due to MPCH for typical moderate low in-plane densities ( 3.5.10 11 cm -2 ) is presented. It is shown, that in this realistic structure a low plasmon-like coupled mode is deeply suppressed and high phonon-like mode weakly depends from the transverse optical frequency due to the lead salt material features.
INTRODUCTION
A great interest to the quasi-two-dimensional (Q2D) semiconductor artificial systems such as heterostructures, quantum wells (QW) and superlattices is caused by their potential both for the fundamental research and for the nanoelectronic device applications. Quasi-free carriers are generated optically by intense illumination or by modulation doping and form a Q2D electron gas (EG) in a spacer layer. They are characterized by compressed wave functions (quantum confinement (QC) ) and by continuously varying density probability distribution in growth direction that is perpendicular to an interface of layer 1 . Collective elementary EG excitations such as plasmons and plasmon-phonons, influenced both by spatial confinement in 2D ( Q2D ) systems and by structure constituent material features, have been the subject of detailed theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and experimental 1, [16] [17] [18] [19] investigations in the past decades. Studies in this field mainly have been based on the Si and III-V group semiconductor QW systems and recently also on the graphen. In most of discussions the material parameters contrasts in heteroboundaries (MPCH) of QW and barrier are weak or fully ignored. Narrow-gap IV-VI series semiconductors and their QW structures have been used for quite a period of time for midinfrared detectors, laser diodes and for spintronic needs. These materials offer a modification broad potential for transport and optical properties by changing the alloy composition, doping and growth of samples with binary, ternary, and quaternary compounds. They possesses a direct band gaps, have a multivalley nonparabolic band system with nearly mirror bands and there are no heavy hole bands in the NaCl structure. Electrons and holes have almost the same small effective masses m with high carrier mobilities due to the large dielectric constant ε of the material ( see Section 5 ) .
In realistic EuS / PbS / EuS 20 QW structure in presence of strong MPCH, namely with strong material parameter ( m , ε ) contrasts in heteroboundaries of PbS QW and EuS barrier, dispersion of unretarded Q2D EG intraband plasmons was studied theoretically in Ref. 13 . The results are analyzed in relation to realistic PbSrCdS / PbS / PbSrCdS QW samples 21 , where MPCH is absent. Received strong enhancement of plasma mode for low electron 2D densities s n ~ 10 10 ÷ 10 11 cm -2 , attributed to dielectric and effective mass QW / barrier distinguish contrasts, indicates to the favorable conditions for existing of plasma unretarded modes in EuS/PbS/EuS QW system. At the same time, the lead salt compounds are quite polar semiconductors with Fröhlich coupling constant α of the order of 0.2 ÷ 0.3. So this weak-coupling limit is appropriate and if one can match the momentum and energy of the plasmon and the phonon excitations, then the electric field created by phonons will have a large response due to plasmons. This will lead into a new collective excitation, namely plasmon-phonon. Electron longitudinal optical ( LO ) phonon coupling have been observed in the lead salts and their epilayers 22 , but a quantitative description of this effect is still less developed. In this paper we present a study of Q2D EG collective plasmon -LO phonon spectrum in realistic EuS / PbS / EuS QW system in the case of strong MPCH with the structural parameters similar to Ref. 13.
THEORETICAL FRAMEWORK
In QW on the base of doped weakly polar semiconductors the Q2D system confined free carriers can couple with LO modes of the underlying host lattice through a long-range polar Fröhlich coupling. This phenomena hybridizes the collective plasmon modes of the Q2D EG with the LO-phonons and increases the coupled plasmon-phonon mode spectrum. The latter is well understood both experimentally [16] [17] [18] [19] and theoretically 6, 7, 9, 11 in GaAs / AlGaAs / GaAs QW 2D electron system with negligible MPCH. The investigations of electron-electron interaction in the 2DEG are carried out within the framework of the widely accepted random-phase approximation (RPA) [3] [4] [5] [6] [7] [8] [9] [10] where the full RPA expression of the 2D EG dielectric function is considered. The use of RPA is justified when the electron-electron interaction is strong enough that quantum coherence does not dominate 14 . In Refs. . In polar materials an electronic interaction can be largely modified by Fröhlich interaction, and, vice versa, the phonon properties are affected by interaction between the electrons. Therefore it is reasonable to expect that MPCH effect in EuS / PbS / EuS SQW would be concern to plasmon-polar optic coupled modes as well. On the other hand, the difference 
. Thus, compared with the AlGaAs / GaAS / AlGaAs SQW system, the collective elementary plasmon-phonon excitations of the EG in the system under discussion are influenced not only by the MPCH effect and structural features of the SQW system, but also by the specifics of the optical phonon spectrum of the host PbS semiconductor. At the same time, PbS has strong nonparabolic bands which must lead to plasmon-phonon mode corrections as in the most of weakly polar semiconductors. A reasonable measure of the nonparabolicity effects on plasmon-phonon corrections in these systems is Hence the analytical and numerical studies of plasmon-phonon properties in EuS/PbS/EuS finite confining potential QW system is completely attractive both from fundamental and applied viewpoints.
MODEL AND PROBLEM STATEMENT
Offered here theoretical model consists of a high mobility Q2D EG ( separated from the barrier impurities ) in a layer of the smaller gap semiconductor buried in the bulk of the wide gap sample ( Fig.1 ) . A SQW / barrier system is based on the nearly rectangular band alignment with the finite conduction band offset. The regions of space that occupies a SQW and homogeneous barrier medium with the appropriate dielectric constants and electron effective masses are shown in Fig.1 where the z axis is normal to the well plane interfaces. A Q2D EG is coupled to bulk dispersionless LO phonons at zero temperature. Electrons interact among themselves through the Coulomb interaction and through virtual -LO-phonon exchange via the Fröhlich interaction. The confined in a Q2D system carriers' Hamiltonian with the band gap varying along the z-axis and the band-edge discontinuities added to the diagonal element according to the band offsets (Fig.1) . ei H is the one-electron self-image interaction potential, which similar to the size-quantized potential modifies the one-particle states, gives a contribution to the band-gap renormalization and does not depend on the in-plane 2D distance between the charges. This contribution has the same order as the quasiparticles binding energy 13 and since generally the QW band offsets are much larger than these energies, a selfimage interaction in this case changes the rectangular localizing potential into smoothly shaped potential and then the confinement feature is not distinctly changed. In order to obtain a local description of a real Q2D EG response to external fields one has to make an approximations that the perturbing potential varies smooth on the scale of
) and is weak as its effect on the QW quantized energy levels n ε can be treated in a first-order perturbation theory. This was first done by Stern and Howard 1 in the Hartree method neglecting the exchangecorrelation to the subband particle densities. In doped QWs the presence of free carriers as well as of charged impurities induces band bending 24 . We restrict ourselves to the n-type QW with electrons occupying states in the fundamental Fig. 1(a) ) with a dielectric response function of a Q2D EG 13 . To obtain the dispersion of unretarded intraband plasmon-phonon coupled modes in EuS/PbS/EuS finite Figure. 1 (a) Conduction-band profile of an undoped SQW. (b) Conduction-band profile of a modulation doped n-type SQW 18 .
confining potential QW system in presence of MPCH, we are dealing with widely accepted RPA approach by use of Q2D form factor expression from Ref. 13.
DISPERSION RELATIONS OF PLASMON-LO-PHONON IN SIZE QUANTUM LIMIT
To calculate the dielectric response function of a Q2D EG embedded in a polar semiconductor ( Q2D polaron gas ) we follow the theory developed in Refs. 6, 7, 9 and use the RPA approximation. The subband electrons interact in two ways, through electron-electron interaction and through virtual electron-phonon interaction. Because within RPA the polarizabilities are additive 6 , the total dielectric function of a Q2DEG has an electron and a LO phonon components 6, 9 
where 
Eq. (4) differs strongly from pure 2D result when a form factor is always smaller than unity and approaches to the unity in the long wave limit 9 . This weakens the strength of electron-electron and electron-phonon interactions, while for the case of MPCH for long wave limit we have 
Let now examine secular equation (5) analytically at the asymptotic long wave limit for which the noninteracting polarizability has the form 
(ii) plasmon-like collective mode is strongly enhanced and rapidly separates from the electron-hole (e-h) pair excitation curve still at very small 2D vectors k . As follows, there is a some kind of balance between the phonon and MPCH mechanisms, when the plasmon-like mode suppressing and enhancing take place simultaneously in the discussed structure. The characteristic properties of Eqs. (9), (11) 
NUMERICAL RESULTS
As shown in Refs. 6, 9 in 2D ( Q2D ) system when MPCH is negligible, plasmon-phonon mode coupling is significant only at high densities ( ~10 12 cm -2 ). In this case a low-density plasmon-like mode disappears in the electronhole (e-h) pair excitation continuum ( Landau damping ) below frequency LO ω . We carried out the numerical calculation of coupled plasmon-phonon collective modes in EuS / PbS / EuS QW system in presence of MPCH for typical moderate low (3.5.10 11 cm -2 ) 2D density case. Our realistic model, which we discusse, is elaborated similar to 
From Fig. 2 follows, that a spectral pattern of plasmon-phonon collective mode, in presence of MPCH in whole is qualitatively similar to those found before 6, 9 with the negligible MPCH, , as expected. At the same time, the particular spectral branches have been changed qualitatively in accordance with Eqs. (8), (9) . These spectral curves have enhanced quantitatively due to the MPCH effect, which provides a mode coupling already for typical moderate low 2D densities. This is confirmed from the unperturbed plasmon mode curve behavior in Fig. 2 , when the spectral curve enters The plasmon-phonon collective modes corresponding to the EuS / PbS / EuS SQW is strongly resolved relative to the ( e-h ) edges and LO-phonon mode, respectively, at very small wave vectors. As follows from the graph, the dispersionless dependences according to the Eq. (10), (11) in this realistic structure are absent, because of structural peculiarities of the system.
CONCLUSIONS
A random-phase approximation calculation of a quasi-two dimensional electron gas collective plasmon -LO phonon spectrum in realistic EuS / PbS / EuS QW system is offered. A strong contrast of material parameters across the QW heteroboundaries and a band-nonparabolicity of lead salt material are taken into account. An investigation of electron-electron interaction in the Q2D EG coupled to bulk dispersionless LO phonons at zero temperature is carried out by use of exactly calculated dielectric function of a Q2D EG and taking into account of medium polarization. Analytical analysis of the collective excitation energy spectrum in presence of MPCH is performed and explicit dispersion relations in the long wave limit are derived for the first time. The deviations from the results when MPCH is absent are established. It is shown, that in this realistic structure an undamped plasmon-like coupled mode depends on the barrier semiconductor dielectric constant only. Both separate dispersion branches such as plasmon-like and phonon-like modes are strongly enhanced and resolved from (e-h) pair excitation dispersion curve and LO mode dispersionless curve, respectively. In turn, due to the lead salt material features a plasmon-like coupled mode is deeply suppressed and weakly depends on from the TO frequency. The mode coupling in presence of MPCH already for typical moderate low 2D densities ( 3.5.10 11 cm -2 ) indicates to the favorable conditions for detecting of the collective plasmon-LO phonon coupling in discussed EuS/PbS/EuS finite confining potential SQW system.
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